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Summary 


tn  response  to  injury,  eells  and  tissues  drive  a  steady  DC  ionio  ourrent  through 
themselves.  This  injury  ourrent  and  its  associated  eleotrioal  field  is  one  component 
in  the  control  system  governing  the  overall  tissue  response  to  trauma.  He  first 
eleotrophysiologioally  characterize  such  endogenous  currents  and  fields  and,  using 
this  knowledge  artificially,  manipulate  them.  Our  aim  is  to  modulate  wound  healing 
and  tissue  regeneration.  Our  focus  is  trauma  to  the  integument,  hard  tissue,  and  the 
nervous  system.  We  have,  for  the  first  time,  characterized  the  natural  ourrents  that 
are  driven  through  a  fracture  in  living  bone.  Furthermore,  we  have  manipulated  bone 
remodeling  by  purely  eleotrical  means.  In  addition  (using  a  newly  developed, 
completely  implantable  stimulating  system),  we  endeavor  to  enhanoe  or  initiate  nerve 
regeneration  in  the  mammalian  spinal  cord.  This  work  is  providing  a  basis  for  the 
development  of  small  DC  stimulator  systems  that  can  be  implanted  olinically  with  only 
modest  surgloal  endeavor.  Suoh  stimulators  may  initiate  striking  regeneration  of 
body  tissues  (nerve  and  soft  tissue)  as  well  as  greatly  speed  the  healing  of  bone, 
oartllage,  and  skin. 
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Foreword 


In  conducting  the  researoh  desoribed  in  this  report,  the  investigator(s)  adhered  to 
the  ''Quids  for  the  Care  and  Use  of  Laboratory  Animals,"  prepared  by  the  Committee  on 
Care  and  Use  of  Laboratory  Animals  of  the  Institute  of  Laboratory  Animal  Resources, 
National  Researoh  Counoil  (DHEW  Publication  No.  (NIH)  78-23,  revised  1978). 
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SUtttMDt,  S&  Problem 


1)  An  applied,  steady  DC  eleotric  field  is  now  well  known  to  enhance  the  healing 
of  both  ohronio  fraeture  non-unions  in  hunans  (Brighton  et  al.,  1979),  and 
perhaps  ohronio  uloerationa  of  the  skin  (Wheeler  et  al.,  1972).  These  striking 
responses  to  imposed  current  and  fields  are  framed  againat  a  nearly  complete  laok 
of  understanding  of  their  physlologioal  basis.  Moreover,  no  other  applications 
of  current  to  traumatized  tissues  have  been  tested  for  other  possible  olinloal 
applications. 

The  problem  we  have  attaoked  (supported  by  this  oontract)  is  twofold; 
first,  we  are  pursuing  measurements  of  natural  steady  voltage  gradients  [using  a 
oompletely  non-invaaive  vibrating  eleotrode  for  measurement  of  extraoellular 
current  (Jaffe  and  Huocltelli,  1974)}  that  ooour  in  tissues  in  response  to 
trauma.  Using  this  instrument  we  develop  an  understanding  of  endogenous 
eleotrio&l  response^  to  injury.  Secondly,  we  are  artificially  applying  currents 
and  fields  to  traumatized  tissues  In  laboratory  mammals  and  analyzing  tissue 
responses  in  hopes  of  seeing  ollnloally  significant  regenerative  effeots. 
Ancillary  to  this  we  have  developed  an  implantable  DC  stimulating  unit  that 
delivers  current  to  target  tissues  oompletely  free  of  netallio  eleotrode  product 
contaminations  (see  below). 

In  the  original  proposal,  we  outlined  four  general  areas  of  commitment: 
bone  and  hard  tissue;  peripheral  nervous  system  (PNS)  tissue;  Integumentary 
lesions;  and  aentral  nervous  system  (CHS)  trauma.  During  the  first  year  of  the 
oontract  we  have  made  major  advances  in  studying  the  role  of  natural  and  applied 
currents  in  bone;  responses  of  CHS  neurons  to  applied  fields;  and  have  developed 
a  new  stimulating  system  for  Ja  vivo  applications  of  ourrent.  In  the  continuing 
report,  these  3  areas  will  bear  different  headings  for  the  ease  of  the  reviewer. 

ii)  Military  Significance 

Traumatio  injury  is  a  natural  oonsequenoe  of  military  engagement  and  - 
though  less  frequent  -  military  training.  Severe  injury  to  bard  and  soft  tissue 
and  the  nervous  system  present  the  poorest  prognosis  for  eventual  full  reoovery. 
One  approaoh  to  such  trauma  would  be  to  develop  a  means  to  enhanoe  or  promote 
rapid  healing  or  regenerative  responses  in  these  tissues  using  a  minimum  of 
specialized  aurgloal  intervention.  Applied  DC  fields  are  known  to  produoe  an  80} 
cure  rate  in  ohronio  fraoture  non-unions  (Brighton  et  al.,  1979),  however,  DC 
fields  have  not  been  thoroughly  tested  to  promote  more  rapid  healing  of  fresh 
fraotures.  In  animal  studies,  suob  fields  oan  promote  gross  regeneration  of  hard 
and  soft  tissues  (Borgens  et  al.,  1977b,  and  1979a),  and  striking  regeneration  of 
PNS  and  CHS  neurons  (reviewed  by  Borgens,  1982,  see  also  Borgens  et  al.,  1981)  - 
all  in  lower  vertebrates.  None  of  these  approaches  (save  the  bone  work)  has  been 
further  tested  for  possible  clinical  application. 

One  oould  envision  a  small  implantable  DC  stimulator  and  eleotrodes  that 
could  be  attached  to  traumatized  tissues  with  a  minimum  of  surgioal  endeavor, 
perhaps  even  in  field  hospitals.  Such  nay  produoe  a  striking  enhancement  in 
healing  rate  or  nervous  system  regeneration.  This  may  facilitate  eventual 
treatment  of  casualties  in  large  hospitals;  may  serve  to  shorten  the  time 
personnel  (with  less  severe  injuries)  oould  return  to  active  duty;  and/or 
increase  the  percentage  of  full  functional  recovery  in  more  severe  Injuries. 
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2.  £AQ)(|££m£ 


i)  Bont  and  Soft  Tissue 

The  notion  that  hard  and  so*'  tissue  regeneration  nay  be  oontrolled 
naturally  (and  Jut  experimentally  stipulated)  by  eleotrio  fields  stess  from 
studies  of  amphibian  limb  regeneration.  Xn  these  studies  a  natural  flow  of 
wound-induoed  ourrent  traverses  the  foreliab  stusp  after  asputatloo  and  is  a 
component  in  the  oontrols  of  llsb  regrowth.  The  experimental  support  for  this  is 
as  follows; 

1.  The  ourrent  traversing  the  oore  tissues  of  the  stump  in  adult  frogs 
(nonregenerators)  is  strikingly  reduced  when  eospared  to  the  density  of  the 
ourrent  (henoe  eleotrio  fields)  within  the  oore  tissues  of  the  stump  in 
salamanders  and  newts  (Borgena  et  al.,  1977a).  [This  is  due  to  a  ahuntlng  of 
ourrent  though  subdernal  lymph  apaoea  that  is  found  in  anura  but  not  urodeles 
(Borgens  et  al.,  1979o)J. 

2.  Enhancing  the  fields  within  adult  frog  limb  stumps  (by  implantation  of 
batteries  and  eleotrodes)  oan  initiate  a  measure  of  limb  regeneration  (Borgens  et 
al.,  1977b)  or  Improve  the  external  form  of  limb  regeneration  in  hypoaorphioally 
regenerating  speoles  (reviewed  by  Borgens,  1982)* 

3.  Topioal  applications  of  amilorlde,  bensamll,  or  methyl  ester  of  lysine, 
ohronlo  immersion  in  Nay  -depleted  medium,  and  the  imposition  of  a  oounter 
ourrent  within  limb  stumps  all  serve  to  Inhiblt/or  ~'tard  limb  regeneration,  or 
oause  it  to  be  abnormal  (Borgens  et  al.,  1979b,  Van*  .  e  et  al.,  1983).  What  all 
of  these  different  techniques  have  in  common  is  the>.  they  reduce  the  currents 
traversing  the  salamander  limb  stump. 

4.  Although  there  are  unreoonoiled  differences  between  the  regeneration  and 
development  of  the  amphibian  limb,  it  is  probable  that  these  prooesses  share 
oertaln  meohanlaas  of  oontrol.  Both  are  oharaoterlxed  by  the  amaasln*  of  oalls 
to  fora  a  limb  rudiment  (by  cell  division  and  migration),  and  both  sh«  -  oertaln 
anatoaioal  similarities  (suoh  as  the  apioal  oap  of  the  limb  blastema  and  the 
apioal  eotodermal  ridge  of  many  developing  limb  buds).  One  may  wonder  if 
developing  limbs  and  regenerating  limbs  share  a  similar  phenomenology  of 
endogenous  current  flow.  It  is  significant  that  limb  development  in  the  larvae 
of  both  a  salamander  (the  axolotl  (Borgena  et  al.,  1984a))  and  a  frog  [Xenopue 
(Robinson,  1983))  is  predloted  by  a  looal  exodus  of  ourrent  from  the  oxaat  area 
from  vhioh  a  limb  will  rise. 

Among  those  tissues  that  responded  in  a  marked  fashion  to  applied  eleotrio  fields 
(in  #2  above),  bone  and  nervous  tier  '  were  most  striking. 

As  mentioned,  ollnloal  lmpoait  •«  of  ourrent  using  metal  eleotrodes  is  known  to 
produoe  healing  of  non-unions.  In  work  supported  by  this  oontraot,  we  have  provided 
the  first  measurements  of  natural  ste»*y  fraoture  ourrent  traversing  fresh  fraotures 
made  to  the  living  bones  of  labor  '  ;  rodents  and  measured  in  physiological  media 
(Borgens,  1984).  These  measurement j  were  made  with  an  ultrasensitive  vibrating 
eleotrode  with  a  sensitivity  of  a  few  tenths  of  a  uA/om2  and  a  spatial  resolution  of 
about  30  urn  (Borgens,  1984,  and  see  below).  It  is  Important  to  note  that  the  natural 
and  ollnloally-appiled  ourrents  are  similar  in  density,  dlreotlon,  and  perhaps 
duration.  This  provides  a  possible  rationale  for  the  effectiveness  of  artifically- 
applied  fields  in  healing  non-unions;  that  is,  that  they  mlmlo  natural  fraoture 
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currents  oritioal  to  fraoture  healing.  This  furthermore  suggests  that  a  oommon 
denominator  In  all  blologioal  non-unions  may  be  a  defect  in  the  eleotrophysiology  of 
repair. 

These  ideas  and  experiments  are  pertinent  to  thia  oontraot  in  that  they  strongly 
support  a  natural  electrical  control  of  fraoture  healing  and  furthermore  suggest  that 
applied  fields  may  speed  normal  fraoture  healing  and  eventual  union. 


3.  Research  itttoa 
11)  Nervous  Tissue 


Sven  Ingvar  in  1920  was  the  first  investigator  to  directly  teat  the  notion 
that  an  applied  eleotrio  field  may  enhance  nerve  regeneration.  There  have  been 
many  classical  experiments  sinoe  this  time,  however,  I  will  not  review  this  older 
and  historic  literature  on  galvanotropism  or  galvanotaxis  (see  Borgens  1982). 
The  first  carefully  controlled  and  thoughful  testa  of  suoh  ideas  ware  oonduoted 
by  Marsh  and  Beams  in  1946.  They  observed  a  heightened  growth  response  (and  a 
guided  movement)  of  neurltes  emanating  from  explanted  and  cultured  ohlok  dorsal 
root  ganglia  (DRO)  toward  the  negative  pole  of  an  applied  electrical  field.  Paul 
Weiss  (1934)  criticized  all  such  experiments  suggesting  that  applied  fields 
orient  molecules  in  the  culture  substrate  and  this  explained  the  *dlreotional 
responses*  or  neurltes  exposed  to  artlfioally-appl.ed  eleotrioity.  This  single 
opinion  held  for  many  years,  and  until  more  modern  times,  the  entire  area  was 
held  to  be  controversial.  The  responses  of  neurons  to  artifioially-applled 
fields  were  considered  to  be  either  artlfaotual  or  due  to  secondary  variables 
Independent  of  the  Imposed  field. 


Jaffe  anc.  Poo  (1979)  noted  that  Weiss'  arguments  were  unsound  beoause 
modern  studies  of  eleotrioally-induoed  birefrigenoe  alterations  in  well-ordered 
macromolecules  (suoh  as  collagen)  demonstrate  that  100's  to  1000's  of  volta/om 
were  neoessary  to  aohieve  realignment  or  reordering  (suoh  as  Weiss  suggested 
ooourred  in  the  culture  substrate).  Nerves  in  culture  responded  to  10-100  mV/ mm. 
They  repeated  Marsh  and  Beam's  seminal  study  (using  ohlok  DRO  in  culture)  and 
dlreotional  responses  by  neurltes).  Moreover,  they  used  markers  in  the  substrate 
to  monitor  movement  of  the  explanted  ganglion  (in  addition  to  the  neurltes). 
They  discovered  that  the  ganglion  mass  has  a  proollvlty  to  migrate  toward  the 
anode  (♦  pole  of  the  applied  field).  If  neurltes  facing  the  opposite  pole  (- 
pole)  are  "stuck”  to  the  substrate  at  their  growing  tips,  then  they  can  be 
stretohed  as  the  ganglion  moves  toward  the  a nods.  This  gives  the  impression  of 
neurlte  elongation  toward  the  antipode  (oatbode).  When  careful  marking 
techniques  are  employed  the  results  still  confirmed  that  a  lgnlfloant  (even 
luxurious)  growth  of  neurltes  is  stimulated  faolng  the  negative  (-)  pole  of  the 
field  imposed  aoroas  the  culture.  Other  groups  pursuing  these  studies  [Slsken  et 
al.,  (1981)  for  example]  still  do  not  focus  their  attention  on  ganglionio 
movement,  thus  most  experiments  by  other  modern  groups  using  explanted  ganglia 
are  ambiguous  and  I  will  not  review  this  less  rigorous  literature. 


Reoently,  three  more  oulture  experiments  provide  unequivocal  proof  of 
eleotrioally-induoed  growth  responses  n  nervous  tissue.  Robinson  and  MoCalg 
(1981),  Hinkle  et  al.  (1981),  and  Patel  and  Poo  (1982)  have  observed  the 
responses  of  individual  differentiating  neuroblast  neurltes  in  oulture  to  applied 
fields.  Individual  oells  are  obtained  from  disaggregated  Xenop'  *  neurula  stage 
embryos  and  suoh  oells  develop  into  neurons  in  oulture.  Individual  growing 
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neurltes  will  band  through  great  aros  to  deviate  their  axi*j  of  growth  toward  the 
negative  pole  of  the  applied  field.  The  rate  and  enount  of  neurite  growth  was 
enhanoed  in  this  veotor,  and  always  parallel  with  the  long  axis  of  the  applied 
field.  In  the  latter  atudy,  if  the  axis  of  the  field  wan  changed  during  the 
experiment,  neurltes  (originally)  growing  toward  the  cathode,  reversed  thoir 
direotion  of  growth  and  reoriented  themselves  ••  growing  towards  the  new  position 
of  the  negative  pole.  These  experiments  w?re  well-controlled,  fields  were 
applied  with  salt  bridges,  and  oells  were  grown  on  tissue  culture  plaatla  (no 
substrate  was  used).  Taken  together  with  the  XQ  vivo  studies  these  studies 
constituted  formal  proof  that  a  DC  applied  electric  field  oan  grossly  influence 
nerve  growth  end  promoted  our  continuing  studies  using  the  lamprey  S)...nal  cord 
system.  Lamprey  larvae  possess  large  individually  identifiable  neurons  in  their 
spinal  oord.  The  brain  and  spinal  oord  oan  be  oompletely  removed  to  a  simple 
organ  oulture  where  it  prospers  for  about  1  week  (the  CNS  of  the  lamprey  does  not 
have  a  blood  supply  intrinsic  to  the  cord  or  brain,  but  is  nourished  by  diffusion 
from  vessels  at  the  surface.  Thus  it  does  very  well  in  a  fortified  organ  culture 
environment).  The  lamprey  regenerates  its  CNS  neurons,  and  functionally  recovers 
from  a  oomplete  oord  transaction  in  about  200  days.  We  first  decided  to 
investigate  if  lamprey  oords  (or  individual  CNS  neurone)  naturally  produoe  large 
eleotric  currents  in  response  to  injury.  Using  the  vibrating  eleotrode  we 
measured  enormous  currents  of  Injury  and  extraoellular  fields  about  the  lesion  in 
tranaeoted  lamprey  spinal  cord  (Borgens  et  al.,  1980).  Suoh  currents  last 
indefinitely  and  were  found  to  enter  the  cord  parenohyma  and  the  open  bores  of 
severed  neurons.  We  next  decided  to  impose  a  large  steady  field  across  complete 
oord  transeotlona  to  see  if  we  oould  modulate  or  enhanoe  spinal  oord 
regeneration. 

Using  long  flexible  saline  bridges  (or  wick  electrodes),  we  Imposed  an 
electrio  field  (or  the  order  of  10  m//mm)  across  the  oompletely  severed  spinal 
oord  of  lamprey  larvae  for  5  to  6  days,  with  the  anode  rostral  and  the  oathode 
caudal  to  the  lesion  (Borgens  et  al.,  1981).  Sham-treated  animals  were  treated 
identically  to  experimental  exoept  that  no  current  was  delivered  to  the  tissues. 
In  our  preliminary  experiments,  of  the  15  current- treated  and  15  sham-treated 
animals,  11  and  13,  respectively,  survived  to  provide  data.  At  about  55  days 
poet- transection,  we  assayed  the  responses  to  these  eleotrioal  applications  by  a 
combination  of  simultaneous  extraoellular  and  intracellular  recording  of  aotlon 
potential  (AP)  propagation  across  the  lesion.  After  eleotrioal  records  were 
taken  (by  antldromlo  and  orthodromlo  stimulation  and  recording  across  the 
lesions),  the  axons  responsible  for  the  intracellular  records  were  injeoted  with 
the  fluorescent  dye  Lucifer  yellow.  (The  recording  intracellular  mlcroeleotrode 
was  filled  with  this  dye.)  This  allowed  us  to  compare  the  anatomy  of  those 
descending  reticulospinal  neurons  that  propagated  AP's  across  the  lesion  with 
those  neurons  that  did  not.  I  will  summarize  our  main  findings:  (a)  In  73?  of 
the  animals  treated  with  eleotrio  ourrent,  APs  eleicited  by  extraoellular 
stimulation  of  the  whole  spinal  cord  were  propagated  in  both  directions  aoross 
the  lesion.  (b)  In  most  (69?)  of  the  sham-treated  oontrols,  APa  did  not 
propagate  aoross  the  lesion  in  either  direotion.  This  is  not  surprising  slnoe 
only  modest  axonal  regeneration  is  usually  observed  at  200  days  post-transection 
In  the  lamprey.  This  gave  us  a  reasonably  unambiguous  baseline  with  whloh  to 
oompare  the  effects  of  our  treatments,  (c)  Intracellular  recording  was  oomblned 
with  extracellular  recording  and  fluorescent  dye  labeling  of  individual  cells  to 
characterize  the  giant  axons  responsible  for  propagating  AP's  across  the  lesion. 
Axons  which  conducted  spikes  antidromioally  across  the  lesion  site  were  found  to 
traverse  it;  in  a  few  oases,  terminate  within  the  lesion.  Few  axons  terminating 
within,  and  jiq  axon  ending  proximal  to  the  lesion  could  be  fired  by  stimulating 
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distal  to  the  lesion  and  reoording  just  behind  the  brain.  These  tests 
demonstrate  that  tho  increased  occurrence  of  AP’s  propagating  across  the  lesion 
in  electrically-treated  cords,  can  be  ascribed  to  the  increased  number  of  axons 
regenerating  into  or  beyond  the  lesions  area,  (d)  The  greatest  number  of 
fluorcscently-labeled  axons  in  current-treated  cords  were  found  within  or  through 
the  lesion  by  about  55  days  post-transecticn.  Most  of  a  comparable  population  of 
axons  in  the  sham-treated  oontrols  had  ended  proximal  to  the  lesion  not  entering 
it  at  all.  (e)  The  morphology  of  most  of  the  terminal  ends  of  identifiable 
giant  axons  found  ir.  experimentally- treated  spinal  oords  was  indicative  of 
actively  growing  regenerating  fibers.  Most  of  the  ends  of  oontrol  fibers  were 
relatively  undifferentiated  morphologically,  appearing  as  axons  that  are  in  a 
less  active  g  wth  state,  perhaps  even  in  stasis.  Altogether,  we  felt  that  these 
results  enoouraged  further  testing  of  the  hypothesis  that  applied  electrical 
fluids  may  enhance  tho  regeneration  of  CNS  nerves  in  vertebrates.  I  hope  to  have 
persuaded  the  reviewer  that  applied  electrioal  fields  can  induce  significant 
growth  responses  in  damaged  or  developing  vertebrate  axons  (by  whatever 
mechanism),  both  in  vivo  and  in  vitro.  In  faot,  a  close  oomparlson  of  these 
experiments  to  similar  suoh  experiments  testing  the  effeots  of  nerve  growth 
factor  (NGF)  on  axonal  outgrowth  and  directionality  should  oonvlnoe  the  crltloal 
reader  that  certain  responses  (such  as  direotional  guidanoe)  are  quite  profound 
when  applied  fields  are  used  as  an  effector.  [I  wish  to  stress  that  until  our 
recent  studies,  partially  supported  by  this  contract,  (see  below),  applied  DC 
fields  have  not  been  rigorously  tested  at  all  in  the  mammalian  spinal  cord.  We 
wish  to  continue  these  studies  and  determine  if  applied  fields  may  signifloantly 
alter  the  character  of  CNS  regeneration  in  the  mammalian  spinal  cord.] 

4.  Approach  to  the  Problem 

Our  general  approach  to  the  electrical  control  of  regeneration  has  been  this: 
we  first  characterize  natural  currents  of  injury  using  a  vibrating  probe  system  In 
regenerating  and  non- regenerating  tissues.  This  provides  physlologioal  insights  into 
the  overall  electrioal  responses  to  Injury  and  an  eleotrophysiologloal  understanding 
of  the  system.  We  then  try  and  manipulate  such  endogenous  currents  and  in  doing  so 
try  and  manipulate  tissue  responses  to  injury  (reviewed  by  Borgens  1982).  If  we 
manipulate  endogenous  currents  and  fields  with  Implanted  stimulating  units  we  always 
use  a  current  delivery  wystem  that  will  not  contaminate  target  tissues  with  eleotrode 
products. 

Stimulator  Poalga 

Implantable  stimulator  assemblies  are  fabricated  in  the  following  manner.  The 
voltage  souroe  is  a  lithium  manganese  dioxide  3  volt  unit  (Sanyo  CR1220).  This  unit 
provides  30  mllliamp  hours  capacity  and  is  very  small  in  size  (2  mm  staok  height, 
12.5  mm  diameter,  and  0.8  gm).  The  battery  is  eonneoted  in  series  to  the  rest  of  the 
following  components  by  means  of  silver  conduotive  epoxy:  a  small  fixed  resistor,  a 
3  terminal  adjustable  constant  current  souroe  (National  Semiconductor,  LM-334),  end 
at  each  pole,  a  3-4  mm  length  of  chlorodlzed  silver  wire  (AgAgCl  oontacta  to  the  salt 
bridge).  Two  millimeters  of  the  AgAgCl  contacts  are  masked  off,  and  the  unit  is 
dipped  in  a  bakelite  electronics  potting  compound  (styoast  261,  Emmerson  and 
Cummings).  (This  provides  structural  durability  to  all  electrioal  connections.)  A 
10  cm  long,  1  mo  O.D.,  0.06  2  I.D.  silastic  tube  is  filled  with  a  mammalian  Ringers  - 
agar  slurry  and  a  cottoi.  string.  Two  of  these  are  oolled  tightly  (but  not 
oompresslng  the  tube)  and  eaoh  is  attached  at  one  end  to  the  AgAgCl  battery 
connection.  The  tube  la  slipped  over  the  AgAgCl  wire  and  glued  in  plaoe  with  medical 
grade  elastomer.  This  connection  is  sound  and  the  voltage  source  And  the  coiled  salt 
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bridges  are  dipped  into  aedloal  grade  elastomer  and  stored  in  slroonlua  ohlorlde  In 
Ringers.  Prior  to  surgloal  implantation  a  long  (oa  12-14  oa)  wiok  eleotrode  (0.025 
LD.  silastio  tube  filled  with  Ringers  and  a  cotton  string)  is  slipped  into  the  open 
bore  of  the  salt  bridge  and  the  oonnsotion  eleetrioally  and  structurally  sealed  with 
aedloal  grade  elaetoeer.  The  unit  is  now  ready  to  be  implanted  into  the  peritoneal 
oavity  of  laboratory  animals,  the  long  eleotrodes  oan  be  triaaed  to  else  after  they 
are  aurgloally  routed  beneath  the  skin  to  the  exposed  spinal  eord  or  bone,  for 
exaaple. 

The  National  Sealoonduotor  LM-334  oonatant  ourrent  source  sets  total  ourrent 
output  of  the  stimulator  at  that  magnitude  determined  by  the  fixed  resistor  in  series 
with  the  salt  bridge  and  wiok  eleotrodes.  Current  output  is  held  steady  even  in  the 
faoe  of  ohanglng  resistances  at  the  eleotrode  bores  (due  to  olots,  encapsulation, 
etc.)  or  alteration  in  the  wiok's  total  resistance  due  to  sizing  it  to  the  animal. 
This,  plus  the  ncnpolarlzlng  AgAgCl  oontaots,  provide  an  exceptionally  dependable  and 
long-lived  implantable  system. 

Ve  deliver  ourrent  to  the  tissues  by  wiok  eleotrodes  in  series  with  large  bore 
salt  bridges  to  oomDletelv  eliminate  the  possibility  of  tissue  contamination  by 
eleotrode  produots  (produoed  by  eleotrolysis  at  the  Ringers  -  metal  interface).  The 
rate  of  movement  of  (principally)  metalllo  components  will  depend  on  the  total 
voltage  drop  aoross  the  salt  bridge.  Therefore,  we  use  a  large  bore,  low  resistance 
(in  ohms)  bridge  between  the  stimulating  eleotrodes  and  the  AgAgCl  oontaot  to  the 
voltage  sou roe. 

The  rationale  is  that  we  wish  to  know  unambiguously  that  whatever  responses  we 
observe  are  in  fact  due  to  ourrent  and  fields  and  not  due  to  eleotrode  produoe 
oontamlnants.  Thus  we  deliver  ourrent  to  target  tissues  via  "aqueous  wires"  where 
oharge  is  oarried  by  eleotrolytes  (as  in  body  fluids).  Another  advantage:  Since 
eleotrode  produot  contaminants  (principally  at  the  anode)  are  oytotoxlo,  this  system 
will  not  poison  or  destroy  delloate  tissue. 


The  Ultrasensitive  Vibrating  P'  ■'be 

The  vibrating  probe  is  an  extracellular  eleotrv  le  whioh  measures  voltage 
gradients  outside  individual  living  oells  or  whole  anli  1  tissues.  This  is  done  by 
vibrating  a  small  metal  sphere  (10-30  um  diameter)  betwee  two  points  typioally  10-30 
urn  apart  while  measuring  the  voltage  at  the  two  extremes  of  vibration.  This  is 
accomplished  by  tuning  the  frequency  of  vibration  to  the  frequency  of  amplification 
us4ng  a  phase-frequenoy  look-in  amplifier.  The  current  density  component  in  the 
medium  at  the  oenter  of  vibration  and  along  the  axis  of  vibration  is  directly 
proportional  to  this  measured  voltage  gradient 

tI(iiA/cm2)  *  AV(v)/Ar(ca)p(fiom) J 

Thus,  the  ourrent  density  or  net  ion  flux  at  any  speclfio  region  can  be  direotly 
measured  with  minimal  oellular  disturbance  by  vibrating  the  probe  just  outside  any 
membrane  and  perpendloular  to  it  at  that  region,  and  multiplying  by  an  appropriate 
surfeoe  extrapolation  faotor  whioh  adjusts  for  the  field  fall-off  between  the 
membrane  surfaoe  and  the  center  of  probe  vibration.  Simply  stated,  ions  entering  or 
leaving  the  membranes  must  pass  through  the  external  medium  of  oonstant  resistivity. 
Current  passing  through  a  resistance  generates  a  voltage  (albeit  quite  small  in  most 
oellular  oases)  whioh  the  probe  measures.  This  small  voltage  is  proportional  to  the 
net  ion  flux  passing  along  the  axis  of  probe  vibration. 
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This  technique  has  been  described  in  detail  (Jaffe  and  Nuooltelll,  197*)  and  baa 
been  successfully  applied  to  a  wide  variety  of  oell  types  and  whole  animal  studies 
(for  ample,  see  Borgens,  1984). 

We  also  possess  another  version  of  this  instrument  that  we  oall  the 
"macroprobe.”  The  aetalllo  electrode  is  vibrated  between  positions  typloally  300  us 
apart  at  about  40  Hz.  Its  resolution  is  less  than  the  ultrasensitive  probe  disoussed 
above,  but  is  more  rugged.  It  can  be  held  by  hand  and  gas-sterilized  for  use  in  the 
surgioal  ward. 

Using  this  approaoh  (understanding  endogenous  injury  currents  then  manipulating 
the  system)  has  proved  effective  in  past  studies  in  lower  vertebrates.  For  example, 
an  understanding  of  naturally-produoed  injury  currents  and  eleotrloal  fields  in 
salamander  limb  regeneration  (Borgens  et  al.,  1977a;  Borgens  et  al.,  1984b)  and  in 
neural  regeneration  (Borgens  et  al.,  1980)  has  allowed  us  to  effectively  stimulate 
nerve  regeneration  in  the  lamprey  CHS  (Borgens  et  al.,  1981)  and  Initiate  the 
regeneration  of  limbs  on  adult  frogs  (Borgens  et  al.,  1977b;  Borgens  et  al.,  1979a). 

During  the  first  year  of  this  oontraot  we  have  1)  characterized  the  endogenous 
fields  in  mammalian  fraotures;  2)  developed  a  new  DC  stimulator  (see  description 
above);  and  3)  have  Imposed  fields  across  lntaot  mammalian  bone  (in  adult  rats)  and 
aoross  leal-  tal  mammalian  spinal  cords  (in  adult  guinea  pigs). 


5.  Results 

Endogenous  Fraoture  Currents 

We  have  made  the  first  measurement^  of  a  steady  DC  current  traversing  lntaot  and 
damaged  long  bones  in  mloe.  These  results  have  been  published  as  an  artlole  in 
Science,  and  I  direct  the  Interested  reader  to  this  publication  (Borgens,  1984). 
Here  I  will  only  summarize  our  main  findings: 

1)  Intact  living  bone  drives  a  substantial  electric  current  through  Itself. 
Current  enters  the  primarily  oartilagenous  end  regions  of  bone,  and  enters  and  leaves 
the  shaft. 

2)  A  fraoture  to  a  bone  produces  an  immediate  and  large  leak  of  ourrent  into 
the  lesion.  These  densities  (on  the  order  of  100  uA/om2)  decay  to  a  stable  level  of 
about  5  uA/cm2,  which  may  persist  indefinitely. 

3)  The  large  and  declining  ourrents  are  independent  of  oollular  metabolism  and 
are  produoed  by  a  deformation  of  bone  substanoe,  while  the  steady  plateau  of  about  5 
uA/om?  is  driven  by  a  oellular  battery. 

4)  This  steady  flow  of  charge  through  a  lesion  is  largely  carried  by  ohlorlde 
ions,  with  a  less  substantial  contribution  made  by  Ha+,  both  being  aotively  taken 
into  the  bone  compartment  from  the  extraoellular  fluid. 

5)  Though  ourrent  always  enters  the  fraoture  gap,  the  overall  geometry  of 
ourrent  flow  around  and  through  a  lesloned  bone  is  highly  variable.  This  observation 
oasts  grave  doubt  on  the  widely-taught  ooncept  of  predictable  potential  gradients 
existing  along  the  surfaoes  of  a  bone  after  a  fraoture. 
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6)  Those  studies  support  the  hypothesis  that  load-induoed  voltages  In 
physiologloal  bone  aay  he  produoed  by  streaming  potentials,  and  also  auggest  that 
there  Is  a  "bo  no-aea  brans,"  oapahle  of  puaplng  Ions  and  aalntalnlng  the  lonlo  allleu 
of  bone  different  froa  body  fluids. 

7)  finally,  endogenous  fraoture  currents  are  of  the  saae  polarity  and  of 
roughly  the  saae  aagnltude  as  ollnloally-applled  ourrents  whloh  are  suooesaful  In 
treating  ohronlo  fraoture  non-unions.  This  furtberaore  suggests  that  the  defeot  In 
blologloal  non-unions  aay  ultlaately  be  a  defeot  In  the  eleotrophyslology  of  repair. 


Field  Effaata  on  Intent  Bona 

Since  all  olialoal  and  baslo  studies  of  the  effeots  of  DC  fields  on  bone  have 
eaployed  wire  (aetalllo)  eleotrodes,  we  deolded  to  test  If  ohealoally  pure  ourrent 
and  Its  assoolated  eleotrloal  field  oould  alter  bone  reaodeling.  We  laplanted  DC 
stlaulatlng  units  into  large  adult  rats,  routed  wlok  eleotrodes  to  the  leg,  seoured 
then  to  the  lntaot  feaur,  la  posed  a  field  of  about  1-10  aV/aa  across  the  feaur,  and 
observed  responses  of  the  bone  at  3  weeks  post-laplantatlon. 

Our  analysis  of  this  experlaent  is  still  oontinuing,  however,  our  prelialnary 
observations  are  these: 

1)  The  laposed  field  Indeed  strikingly  effeots  bone  deposition.  We  have 
observed  (hlstologloally)  an  exaggerated  deposition  of  bone  at  the  cathode  (negative 
wlok  eleotrode)  when  ooapared  to  shsa-treated  anlaals  (oontrols). 

2)  We  have  also  noted  a  saall  protuberanoe  of  bone  on  the  endosteal  surfaoe 
(within  the  narrow  oavlty)  of  the  dlaphysls  beneath  where  the  eleotrode  is  seoured 
externally.  This  suggests  ourrent  penetrates  bone  and  oan  affeot  even  the  endosteal 
surfaoe. 


Field  Inpoaltlon  £Q  Tranaeoted  Dorsal  Coluan 
Las  Iona  In  Spinal  Cord 

We  have  laposed  fields  of  about  10  aV/aa  aoroas  oonpletely  transected  dorsal 
ooluan  tracts  in  adult  guinea  pig  spinal  oord  (aid  thoraolo  transeotion).  Anlaals 
are  saorlfioed  at  50  to  60  days  post-transeotlon  and  analyzed  for  regeneration  of 
these  ascending  long  traot  neurons  into  or  aoross  the  plane  of  transeotion.  The 
oontrol  group  Is  shaa-treaed  guinea  pigs.  In  order  to  unaabiguously  know  the  exact 
plane  of  the  original  transeotion,  we  use  a  "Foerster  device"  laplanted  into  the 
lesion  at  the  tlae  of  transeotion  and  reaoved  after  perfusion  fixation  (see  Foerster, 
1982).  After  reaoval,  saall  (oa.  50  ua  diaaeter)  holes  are  left  In  the  cord  so  that 
after  horizontal  longitudinal  sectoins  are  aade,  one  oan  deteralne  the  exaot  plane  of 
transeotion.  To  analyze  the  oords  aorphologloally  we  have  developed  a  technique 
where  we  fill  all  of  he  dorssal  ooluan  neurons  with  the  lntraoellular  Barker 
horseradish  peroxidase  (HRP).  We  seotlon  large,  reotangular  blooks  of  spinal  oord 
(20  an  long  x  100  ua  thick)  oontainlng  the  lesion,  process  the  oord  for  visualization 
of  the  HRP  reaotion,  and  dear  the  oord.  What  we  have  at  the  end  of  this  process  is 
large  whole  aounts  of  spinal  oord,  seal- transparent,  in  whloh  only  the  dorsal  ooluan 
neurons  are  visualized  in  their  entirety.  Sinoe  we  fill  dorsal  ooluans  with  the 
Barker  about  1  to  2  oa  oaudal  to  the  lesion,  we  only  view  long  traot  axons  arising 
froa  this  level.  It  is  laportant  to  note  that  jqq.  dorsal  ooluan  neurons  arising  froa 
higher  thoraolo  levels  or  neurons  of  a  looal  origin  in  and  around  the  lesion  are 
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niusilsed  using  this  technique.  therefc «*•*  filled  neurons  mn  within  the  lesions 
or  traversing  it  would  bate  to  have  occurred  by  axonal  regeneration. 

tXir  preliminary  experiments  suggest  that  indeed,  dorsal  column  nsurons  oan  be 
visual ixed  within  the  lesions  and  in  3  oases  we  hare  unambiguous  evidence  of  fibers 
hMSiing  the  lesion.  Me  are  slap  beooplng  aware  that  the  oharaoter  of  the  lesions 
the  ooliagenous  and  astroglial  soar  may  be  different  in  current- treated  animals.  We 
are  presently  pursuing  these  studies  in  two  directions.  We  hope  to  optimise  the 
neuronal  response  to  applied,  fields  by  imposing  larger  fields  aoross  transeoted 
dorsal  oolumna;  seoondly,  we  are  now  analysing  the  morphology  of  the  sear  on  ourrent- 
treated  and  sham-spinal  oord  treated  animals. 


6.  Conalualona 


Jatural  and  irtlflalal  Currents  in  Fracture  Benalr 

It  seems  probable  that  these  currents  are  relevant  to  bone  repair,  remodeling, 
and  perhaps  growth,  and  not  just  an  epiphenomenon.  Support  for  this  statement  lies 
in  the  faot  that  weak  artlfiola1  lv-annllad  currents  oan  heal  non-unions,  and 
otherwise  modulate  boos  resorption  and  deposition,  ill  of  the  work  using  artificial 
ourrent  applications  to  bone  have  employed  metal  electrodes,  vhloh  will  contaminate 
the  looal  tissues  with  metallio  ions  and  thus  it  cannot  be  stated  unequivocally  that 
ourrent  (by  itself)  aedlates  these  prooesses.  The  orltioal  experiment  that  was 
sorely  needed  is  to  duplicate  suob  effects  in  living  bone  by  using  wiok  eleotrodes  or 
salt  bridges  to  oarry  the  ourrent  to  the  bone,  eliminating  metal  ion  oontam Inants  as 
possible  effeotors. 

The  experiment  in  preparation  (olted  above)  in  which  we  have  grossly  af footed 
bone  remodeling  using  wiok  eleotrodes  to  deliver  ourrent  to  the  tissue  will  (when 
published)  be  instrumental  in  demonstrating  that  ourrent  flow  (in  biological  systems 
ourrent  is  the  movement  of  eleotrolytes)  oan  Indeed  affeot  bone  deposition. 

If  endogenous  ourrents  are  In  fact  oontrols  in  bone  repair,  it  is  Interesting  to 
ponder  this  possible  redundant  oontrol  system.  The  substantial  inourrents  produoed 
by  deformation  of  bone  matrix  fade  to  a  stable  level  in  an  organ  oulture  dish, 
however  in  the  animal,  load  will  always  be  exerted  on  the  lesion,  and  this  oomponent 
of  the  Injury  ourrent  may  be  a  more  obronlo  feature  of  the  eleotrophyslology  of 
Injury.  For  bones  that  nay  receive  little  loading  (rib  cage  bones)  or  deformation 
during  movement,  a  stable  oellular  battery  will  still  pull  ourrent  into  the  Injury 
(however,  probably  of  a  lesser  magnitude). 

Two  obvious,  and  interesting,  questions  arise  from  the  view  that  steady  ionlo 
ourrent  may  be  a  oontrol  in  vertebrate  fraoture  healing:  Do  blologloal  non-unions 
arise  because  of  a  laok  of  suoh  ourrent?;  and  do  the  ollnloally-applled  ourrents 
alalo  the  naturally-produoed  ourrents  in  oharaoter?  The  latter  question  we  oan 
answer  with  some  authority:  Tes,  the  two  are  roughly  similar  in  density,  and 
polarity,  negative  eleotrodes  are  neocssary  within  the  fraoture  gap  of  a  non-union 
to  aohleve  healing,  thus  extraoellular  ourrent  will  be  pulled  into  a  gap.  The 
naturaiiT^nroduood  fraoture  ourrent  enters  the  lesion  as  well.  Total  ourrent  on  the 
order  of  10  to  20  uA  per  eleotrode  is  used  ollnleally.  Sinoe  multiple  eleotrodes  are 
used,  and  the  geometry  of  the  various  lesions  are  highly  variable,  it  is  difficult  to 
do  anything  but  a  rough  oaloulation  of  the  denaltv  of  ourrent  produoed  within  the 
fraoture  gap.  It  is  reasonable  to  assume  the  unit  area  of  ununlted  fraotures  in 
human  long  bones  may  be  greater  than  a  square  oentimeter.  £  4  eleotrode  (10  ui  per 
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elocbivde)  ponflguratlon  would  produo*  a  density  of  40  uA/om2  within  •  l**ion  of  I 
on^.  Thus,  it  is  reasonable  to  sp*oulst*  that  tha  ourrant  densities  produoad  by 
eleotrod*  insertion  will  h*  on  th*  ord*r  of  10’a  of  uAa  par  om**1  -  a  yalua  wall 
within  tha  rang*  of  ourrant  danaltlas  naturally  produoad  by  fraoturaa.  Va  next  plan 
t^.  test  th*  affaotlyanaaa  of  ourrant  in  spaadlng  tha  haallng  rat*  of  "fresh* 
fraoturaa. 


CIS  h—Mntlna  In  ftfgnftngf  to  Applied  Slairfs 

Va  hay*  ayidanoad  (and  ara,  at  prasant,  building  a  fira  experimental  basis)  that 
artifiolally-applled  fluid  oan  lnduoa  raganaration  of  oantral  (spinal  oord) 
neurons.  Moraoyar,  wa  hay*  pralislnary  ayldano*  that  th*  oharaotar  of  th*  aoar 
(produoad  by  tha  origiial  transaction)  is  diffarant  in  ourrant- treated  •  niseis  whan 
compared  to  sb as- treated  anlsale. 

If  neuronal  raganaration  oan  b*  lnduoad  In  th*  spinal  oord  and  brain,  and  wa  ara 
able  to  optimize  this  affaot  (to  b*  able  to  initiwt*  a  nor*  luxurious  growth  of 
neurons)  than  there  resides  tha  pros Isa  that  sons  degree  of  functional  raooyary  nay 
aooonpany  neuronal  raganaration  through  tha  soar.  V*  oboe#  dorsal  ooluan  neurons  for 
our  preliminary  tests  baoausa  of  their  praolsa  anatomy  and  for  other  axparlmantal 
reasons.  Bretiually,  w*  hope  to  n©y*  these  studies  into  oortioo-spinal  neurons  (motor 
oolumns)  lnoorporating  behavioral  tests  as  wall. 


14 


fllhUMTirtT 


Borgans,  R.B.  1984.  Endogenous  ionic  ourrehts  tr-s  verse  intaot  and  dsmaged  bona, 
itsiibuft  225:478-462.  ;;r-  Y  -"  '  -..,v:v 

Borgans,  &B.,  H.F.  Rouleau,  and  L.f.  beLanney.  1984a.  An  afflux  of  steady  ionic 
current  predlota  hind  limb  formation  in  the  axolotl.  Kxntl.  Zool.  228)491- 

503 '  .  ;  1  -v.'  \\  '  '* .  : it..  ;  ;  ■  • 

Borgans,  R.B.,  0.  MoGiionio,  J.k.  Vanable,  B.  kiles.  1964b.  Stunp  currents  in 
regenerating  salct&nders  and  newts.  2a  Bxp.-Eool.  231:249-256. 


Borgans,  R.B.,  at  al.  1981.  Bnhanoe  spinal  oord  regeneration  in  lan pray  by  applied 
also  trio  fields.  Afiltltta  213*6lt-617. 

.  r  '  * 

Morgans,  R.B.,  Jaffa,  L.P.,  and  Cohen,  N.J.  1980.  Pron.  Mail,  load.  Sol.  03A 
77*1209-1231. 


Bor  fans,  R.B.,  J.V.  Vanable,  Jr.,  w'1  l.K  Jaffa.  1979a.  Snail  artlfiolal  ourrants 
anbanoa  tatuums  llnb  ragsosratl^u.  jL.  Zool-  207:217-225. 


Borgans,  R.B.,  J.W.  Vanable,  Jr.,  and  L.F.  Jaffa.  1979b.  Baduotion  of  sodlun 
dependant  stunp  currents  disturbs  urodele  llnb  regeneration.  J.  fxoti.  Zool. 
209*377-386. 

Borgans,  R.B.,  J.V.  Venable,  Jr.,  and  L.F.  Jaffa.  1979o.  Role  of  subdernal  ourrant 
shunts  in  the  failure  of  frogs  to  regenerate.  j*.  Raoti.  Zcni.  209:49-95. 

Borgans,  R.B.,  J.W.  Vanable,  Jr.,  and  L.F.  Jaffo.  1977a.  Bioalaotrlolty  and 

regeneration*  Large  currants  leave  the  stumps  of  regenerating  newt  limbs.  Proa. 
Bail,  load.  Sal.  PSA  T4)«2S-4332. 

Borgans,  R.B.,  J.V.  Vanable,  Jr.,  and  L.F.  Jaffa.  1977b.  Bioalaotrlolty  and 

regeneration.  L  Initiation  of  frog  llnb  regeneration  by  nlnute  ourrants.  J*. 
Rxntl.  Zool.  200*403-416. 


Brighton,  C.T.,  Z.B.  Frledenberg,  J.  Blaok.  In*  Bleotrioal  Fropartlas  of  Bona  and 
Cartilage*  Experimental  Effeots  and  Cllnloal  Applloatlons,  edited  by  C.T. 
Brighton,  J.  Blaok,  8.R.  Follaok.  lew  Iork*  Orune  A  Stratton,  1979,  pp.  519- 
546. 


Foerster,  A.F.  1962.  Spontaneous  regsnsration  of  growth  axons  in  adult  rat  brain. 
J.  Coen.  Reurol.  210*335-356. 

Hinkle,  L.,  C.D.  HoCalg,  and  C.R.  Robinson.  1 961 .  J.  Physiol.  314*121-136. 

Jaffa,  L.F. ,  and  H.M.  Poo.  1979.  J.  to.  Zool.  209)115-127. 

Jaffa,  L.F.,  and  R.  Nuooltelll.  1974.  An  ultrasensltlre  vibrating  probe  for 
measuring  steady  extraoellular  ourrants.  Cell  Biol.  63*614-628. 

Harsh,  0.  and  H.V.  Beans.  1946.  In  vitro  oontrol  of  growing  obiok  nerve  fibers  by 
applied  eleotrio  ourrants.  ,L.  Cell  Phveioi.  27)139-157. 


PaUl,  M. ,  and  H.M.  Poo.  1982.  J.  Hsuroaolapoa  2tA83-*96. 

Robinson,  K.R.  1983.  Endogenous  eleotrioal  current  leaves  the  linb  and  prellnb 
region  of  the  Eanopua  enbryo.  Dev.  BloL.  97*203-211. 

Robinson,  K.R.,  and  C.D.  HoCalg.  1981.  iniL.  JL I*.  AQtfl.  Sal*.  339*132-138. 

Slsken,  B.P.,  J.P.  Lsfferty,  and  D.  Auree.  1981.  MtObiBlaM  QLSiilXh  Control- 
Springfield:  C.C.  Thonas,  p.  251. 

Vanable,  J.W.,  L.L.  Hearson,  and  N.E.  MoOinnls.  1983.  The  role  of  endogenous 
eleotrioal  fields  in  linb  regeneration.  In*  Palon  J.P.,  Caplin,  A.I.  (eds). 
Linb  developnent  and  regeneration,  Part  A.  Hew  York:  Alan  R.  Lies,  pp.  587-596. 

Weiss,  P.  193*1.  J.  E*p-  Zool.  l68:393-**»8. 

Wheeler,  P.C.,  L.B.  Woloott,  J.L.  Morris,  snd  R.M.  Spangler.  1971.  Heural 
oonslderstion  in  the  healing  of  ulcerated  tissue  by  olinioal  eleotrotherapeutio 
application  of  weak  direot  current:  Pindings  and  theory.  In:  Heuro.  Res., 
edited  by  D.V.  Reynolds  and  A.E.  SJoberg.  Springfield,  IL:  Charles  C.  Thonas, 
PP.  83-99. 


GLOSSARY  OP  TRRie 


a)  P«m»— 1  fljj Jim,  ThAAA  large  APiOAl  OOTd  tTAOtB  AT*  bundles  Of  MOTOOS  WhlQh 
projAOt  into  th«  spinal  oord  fro*  segaental  ganglia  lying  just  outsldo  the  cord 
ItAAlf.  Sensory  information  (largely)  Is  OArriod  to  tho  brain  by  those  tracts  which 
ssoond  the  oord. 

b)  Laalnaotoay.  Surgiosl  exposure  of  the  spinal  oord  within  the  vertebral 
ooluan. 

o)  Mauri ta.  A  general  and  nonape olfio  term  for  a  neuronal  prooeas. 

d)  Wlok  slsofcroda.  An  aqueous  "wire.”  Stimulating  electrodes  fashioned  froa  a 
sllastlo  tube,  filled  with  aaaaalian  Ringers  and  a  ootton  string  (the  "wiok").  Thus, 
current  is  carried  to  the  tissues  by  a  oonduotlve  solution  a  la  Her  to  body  fluids  and 
not  by  uetalllo  wires  (whloh  oontaalnate  the  tissues  with  eleotrolysie  produots). 
The  wlok  Insures  that  there  is  eleotrloal  continuity  in  oase  air  bubbles  fora  and 
partially  ooolude  the  inner  diaaeter  of  the  tube. 

a)  Qpthndmstfl  and  Antidromic  stimulation  and  recording. 

Bxperlaentally>evoked  action  potentials  whose  oonduotlon  pathway  is  in  the  same 
direction  as  natural  conduction  are  nrthodroaloallv  stlaulated.  For  exaaple: 
orthodroalo  stlaulation  of  a  aotor  neuron  would  involve  stlaulatlng  near  the  sob  a  (or 
ganglion)  and  recording  at  the  periphery.  Antidroalo  stlaulation  and  recording  would 
be  the  reverse  of  this  reglaen. 


